P. australis, E. crassipes (in mangrove swamp) and S. officinarum (in rainforest) are capable of tolerating some levels of crude oil in soil. However, some important growth characteristics such speedy growths, extensive root system and increased biomass desirable for efficient rhizoremediation are depressed. To Treatments were monitored for 120 days to determine their effects on the following growth parameters: Germination, germination percentage, height, root length, dry weight, and leaf area. Results indicated that treatments PSOF, PSOFM and PSOFMS enhanced all growth parameters over contaminated untreated soil (PSO) with the exception of germination in P. australis and S. officinarum; while root length, leaf area in E. crassipes were statistically the same for PS, PSO, PSOFM and PSOFMS (P ˂ 0.05). Overall, growth enhancement efficiencies of the applied treatments were in the order: PSOFM ˃ PSOF ˃ PSOFMS. Thus, growth of these plants can be enhanced in crude oil contaminated soil by the above treatments for efficient rhizoremediation.
Introduction
Rhizoremediation, an evolving bioremediation technique involves pollutant degradation and removal from the contaminated site through the cooperative interaction of plant roots and associated root zone microflora. Microbial and plant collaboration at the root zone (rhizoremediation) provides an elevated speed of hydrocarbon pollutants breakdown than either of phytoremediation (phytodegradation) or microbial remediation alone (Escalante Espinosa et al., 2005; Gurska et al., 2009; Xin et al., 2008) . The nomenclature, rhizoremediation in place of phytoremediation is carefully chosen to stress the significant function of rhizosphere-competent microorganisms and root exudates (Shukla et al., 2010) .
There are several successful studies and reports on the rhizoremediation of petroleum hydrocarbon and other polluting compounds in the environment. These include benzene, toluene, ethyl benzene and xylene (BTEX), Polyaromatic hydrocarbons (PAH), linear and branched petroleum hydrocarbon, polychlorinated hydrocarbons, chlorinated phenol, chlorinated solvent, and pesticides (Shukla et al., 2010; Kuiper et al., 2004; Pivetz, 2001; Tang et al., 2010) . In comparison to other traditional remediation techniques, rhizoremediation is economical, less intrusive and environmentally friendly, presenting no damaging effects on soil structure and fertility (Pivetz, 2001 ).
Speedy growth, extensive root system which facilitate the growth of microorganisms, increased biomass generation, robustness, competitiveness and ability to withstand pollution are the ideal characteristics required for a plant to be selected for rhizoremediation (Pilon-Smits, 2005) . Generally, the presence of crude oil in soil has been reported to impede these ideal characteristics for a large number of plants (Anoliefo and Vwioko, 1995; Sharifi et al., 2007; Omosun et al., 2008 and Ogbo et al., 2009; Vwioko and Fashemi, 2005) . Rhizoremediation requires human mediation to institute a suitable microbe-plant association to improve on the natural process of attenuation of the polluted site (Frick et al., 1999) . Not minding the fact that S. officinarum in rainforest, P. australis and E. crassipes in mangrove swamp have been demonstrated to tolerate some levels of crude oil in soil (Odokuma and Ubogu, 2014b; Ubogu, 2017) ; reduction in some of the afore mentioned ideal growth parameters (speedy germination, height, root length, biomass, and leaf area growth) in these plants occasioned by the presence of crude oil in soil (Odokuma and Ubogu, 2014b; Ubogu, 2017 ) is a major concern. It is in the context of engaging simple agronomical procedures in addressing some of these shortcomings, through plants growth enhancement for maximum exploitation of their rhizoremediation potentials that this study was conducted.
Materials and Methods

Selection of plants and crude oil concentration
Selection of P. australis, E. crasipes and S. officinarum for growth enhancement for the purpose of rhizoremediation at 6.0 % w w -1 crude oil concentration was based on earlier rhizosphere effect and tolerance studies of these plants to crude oil contamination in the rainforest and mangrove swamp (Odokuma and Ubogu, 2014a,b,c; Ubogu, 2017) .
Analysis of soil for baseline physicochemical properties
Rainforest and mangrove swamp soil for plant propagation were analyzed for reference physicochemical data before treatments and plant propagation. The hydrometer method as stated by Aliyu and Oyeyiola (2011) , was engaged for the determination of soil textural component, while micro-Kjeldahl procedure (Van Reeuwijk, 2002) for analysis of soil nitrogen (N) content. Soil pH, porosity, total organic carbon (TOC), phosphorus and total petroleum hydrocarbon (TPH) were determined through the methods of Hendershot et al. (2006) , Ezzati et al. (2012) , Skjemstand and Baldock (2006), Bray and Kurtz No.1(Van Reeuwijk, 2002) , and US EPA -Method 8015C (2007) respectively.
Soil preparation and treatments for plant propagation
Soils from rainforest (with unknown history of crude oil pollution) and mangrove swamp (collected at ebb tide) for plant propagation were obtained within 0-15 cm soil vertical profile. Crude oil (specific gravity of 0.818 g cm -3
) was then incorporated into 4000.0 g soil in plastic pots at the rate of 0.0 g (0.0 ml) and 240.0 g (293.4 ml) to attain contamination levels of 0.0 (control) and 6.0 % w w -1 concentrations of oil in soil respectively.
With the exception of the control (0.0 % w/w crude oil concentration in soil) (S), soils containing 6.0 % w w -1 oil were subjected to the following treatments: Soil + Oil (SO); Soil + Oil + Fertilizer (SOF); Soil + Oil + Fertilizer + Microorganisms (HUB and HUF) (SOFM); and Soil + Oil + Fertilizer + Microorganisms (HUB and HUF) + Solarization (SOFMS). All treatments in pots including control were made in triplicate.
Isolation, identification and scale-up of hydrocarbon utilizing bacteria and fungi
Soils from P. australis, E. crasipes and S. officinarum rhizosphere for the isolation of hydrocarbon utilizing bacteria and fungi were collected using the method of Abdel-Rahim et al. (1983) as adapted by Ikediugwu and Ubogu (2012) , Odokuma and Ubogu (2014a,b,c) . Uprooted plants were shaken lightly to free loosely adhering soil; further shaking was done in a sterile polythene bag to obtain 5.0 -10.0 g of soil.
For mangrove swamp plants, uprooted roots along with attached soil were permitted to drain-off water for a period of 3.0 to 5.0 minutes. Soil adhering to roots loosely were shaken off gently, thereafter the remaining soil together with tightly adhering roots were taken to the laboratory in polyethylene bag that had been previously sterilized. In the laboratory, the soils collected from the field were left for a period of 5.0 to 6.0 hours to air-dry (28.0 ± 2.0 ºC) after which soil was separated from roots.
The spread plate method was employed in the isolation of HUB and HUF on oil mineral salt agar medium (OMSA). The OMSA was constituted as outlined by Dutta and Singh (2016) . No. 1) put on the cover of Petri dish. Incubation was carried out as described previously except that plates were placed in an upside position. Plates not inoculated were used as control. Colonies of bacteria and fungi obtained from the VPT technique were re-purified and maintained on NA and PDA slants respectively from where future studies were made.
Identification of HUB isolates were made based on their morphological, cultural and biochemical characteristics, using Bergey's Manual of Determinative Bacteriology (John et al., 1994) and Cheesebrough (2006) . That of HUF was based on cultural and morphological characteristics in line with the identification schemes of Barnett and Hunter (1998), Humber (2005) , Ellis et al. (2007) .
The HUB and HUF obtained from rhizospheres of S.officinarum, P. australies and E.crasssipes were scaled up adapting the method of Odokuma and Dickson (2003) . Eight bacterial and 12 fungal species were employed in the scale-up process. Young pure culture of each microbial species from their respective slant was scrapped using a wire loop into 200.0 ml of Oil Mineral Salt broth in a 500.0 ml flask. One microbial species per flask making a total of 20 flasks. Flasks containing bacteria and fungi were incubated in a shaker at 28.0 ± 2.0 ºC for 10 and 14 days respectively. The content of each flask was then transferred separately into a four-liter jerry can that has been previously sterilized (using 70 % alcohol) containing 800.0 ml of freshly prepared Oil Mineral Salt broth. Jerry cans were incubated as earlier described with regular vigorous hand shaking for aeration.
Soil solarization
Soil solarization was carried out by modifying the method described by Elmore et al. (1997) . This was done in mid-January (period of intense sunlight) by placing a transparent polyethylene sheets (0.025 mm thick) over crude oil contaminated rainforest and mangrove swamp soil in pots. Soil was first watered before laying the polyethylene sheets. Sheets were allowed to touch directly the surface of soil in a complete coverage pattern and fastened properly to avoid heat escape so as to achieve maximum attainable temperature. Pots were placed in direct sunlight for a period of two weeks. Soil temperature was monitored during the period of solarization by inserting thermometer into soil to a depth of 10.0 cm. Thermometer was sealed to sheet to avoid heat escape using transparent sealing tape. The average temperature attained within the solarization period was 42.5 ± 3.2 ºC.
Application of fertilizer to soil
Fertilizer was applied to soil after solarization. Twelve grams (12.0 g) of inorganic fertilizer (NPK-15:15:15) were applied to crude oil contaminated soils at 6.0 % w w -1 with the various treatments except for treatments (S) and (SO) in the plastic pots to obtain the typical 1.0 -5.0 % nitrogen by weight of crude oil required for the best nutrient optimization amendment (Head and Swannell, 1999) . Fertilizer was then worked into the soil using a sterile hand trowel.
Microbial inoculation of soil
Three hundred and fifty milliliters (350.0 ml) of normal physiological saline containing hydrocarbon utilizing bacteria and fungi at the rate of 3.2 x 10 10 cfu ml -1 and 5.0 x 10 8 cfu ml -1 of bacteria and fungi respectively was dispensed into contaminated mangrove swamp and rainforest soils in each plastic pots. This was then worked into the soil to mix properly using a sterile hand trowel.
Plant propagation
Plants were propagated in greenhouse for 120 days period. Each set of plant was propagated in the above treated soils (S. officanarum in rainforest, while P. australis and E. crassipes in mangrove swamp) to obtain the following sets of treatments: PS, PSO, PSOF, PSOFM and PSOFMS.
Stems of S. officinarum measuring 22.0 cm in length, 3.5 ± 0.1 cm in diameter without leaves were propagated, one/pot in in rainforest soil. Similarly, P. australies stem size of 30.0 cm length and diameter of 0.8 ± 0.1 cm devoid of leaves were propagated two/pot in triplicate in mangrove swamp soil. On the other hand, young and tender E. crasssipes were collected from the wild and transplanted into respective pots with whole plants (shoots consisting of five bulb-leaves, measuring 12.5 ± 1.5 cm in height, together with roots 7.5 ± 1.5 cm) one set per pot. Height, leaf area growth measurement of plant At designated interval, 30, 60, 90 and 120 days, plant growth measurements of terms height and leaf area were measured. Height measurement was performed using the adopted method of Omosun et al. (2008) .
With the aid of a graduated meter rule, height measurements were taken from the tip of the tallest leaf to plant base (surface level). The method of Pearce et al. (1975) , was used to determine leaf area. This was done by plotting the perimeter of leaf against length x breadth measurements. The slop obtained from this was subsequently used as multiplying factor for length x breadth measurements.
However, for E.crasssipes measurements were taken at day-0 of transplant. Plant height, and leaf area growth at day 30, 60, 90 and 120 were therefore taken as additional height, and leaf area gain within the period.
Thus:
Gain in height, and leaf area growth = Measurements at the designated time intervals − Measurments at day 0
Determination of root growth and weights (dry) of plants
Growth in root lengths and increase in the weights of plant were measured at day 30, 60, 90 and 120 of planting. Root length measurements were taken with aid of a graduated meter rule from the longest root tip to its base.
Weights (dry) were measured with aid of an electronic weighing balance. Weight readings were made after adhering soil particles were washed off completely from roots and the entire plant air-dried for an hour (all detached roots during washing were recovered through mesh and weighed along). Dry weight reading was determined after plant had been dried to a constant weight at 60.0 ºC in a hot-air oven.
Data analysis
Triplicate data collected for each of the parameters in this study were analyzed using the following statistical tools: Measure of central tendency, dispersion, Student t-test and analysis of variance (P ˂ 0.05).
Results
Baseline physicochemical properties of experimental soil
Soil physicochemical baseline properties showed a low TPH (70 and 395 mg kg ) for rainforest and mangrove swamp soils respectively (Table 1) . The presence of crude oil delayed the sprouting time of P. australis and S. officinarum (PSO) as compared to the uncontaminated soil (PS). The sprouting time in the uncontaminated soils were 5.0 and 8.7 days as against 6.7 and 13.3 days in the contaminated untreated soils (PSO) for P. australis and S.
officinarum respectively. The applied treatments: PSOF, PSOFM and PSOFMS did not enhance the sprouting time in these plants as compared to the control (PS) (P ˂ 0.05) ( Table 3) .
While there were 100 % sprouting of propagated stems of P. australis and S. officinarum in the uncontaminated soil (PS), the contaminated untreated (PSO) and treated (PSOF, PSOFM and PSOFMS) soils witnessed reduction rate of sprouting save for PSOFM in S. officinarum were 100 % sprouting was recorded. Percentage sprouting for contaminated soils (untreated and treated) ranged between 80.3 to 86.7 % and 83.3 to 100 % for P. australis and S. officinarum respectively (Table 4) . and 90.0 cm respectively) (P ˂ 0.05) (Figure 1 ).
For E. crassipes, there was a progressive increase in plant height up to day 90 before undergoing decline in height growth for all propagated plants. Plant height analysis at day 90 and 120 showed that both untreated and treated contaminated soils yielded higher height growth than uncontaminated soil. However, while these height increases over the control were statistically significant at day 90, it was significant only for treated contaminated soils at day 120 (P ˂ 0.05) (Figure 1 ). 
S. officinarum
Time (Day)
Treatment effect on root growth and dry weights of P. australis, E. crassipes and S. officinarum in crude oil contaminated soil
There was a steady increase in the root lengths of the three plants tested (for control, contaminated untreated and treated soils) within the study period except for E. crassipes which only recorded a steady root growth up to day 60 after which further root increases were not observed. Root growth analysis at day 120 showed that in P. australis, while all applied treatments enhanced root length growth over contaminated untreated soil, there were no differences in the root length growth in the treated contaminated soils with that of the control (P ˂ 0.05) (Figure 2 ).
On the other hand, in E. crassipes, no significant differences were observed in the root length growth between control, contaminated untreated and treated soils (P ˂ 0.05) (Figure 2) . Furthermore, treatment PSOFMS did not enhance root growth in S. officinarum as this was statistically the same with contaminated untreated soil. However, while treatment PSOF and PSOFM enhanced root growth over contaminated untreated soil, the growth enhancements were far less than that of the control (P ˂ 0.05) (Figure 2) .
Generally, the dry weights of P. australis, E. crassipes and S. officinarum witnessed steady increases throughout the study period save E. crassipes where there were some form of weight decreases as from day 90 for control (PS), and treatments PSOFM and PSOFMS. This notwithstanding, analysis at day 120 in all three plants, revealed that the applied treatments produced higher dry weights measurements than contaminated untreated soils. Furthermore, while there was no difference in the dry weights between PSOF and PS in P. australis, PSOFM had higher dry weight than PS (control).
Similarly, while all the treated soils yielded higher dry weight growth over contaminated untreated soil and control, contaminated untreated soil also yielded higher dry weight measurement than the control in E. crassipes (P ˂ 0.05) (Figure 3 ). On the other hand, in S. officinarum while all the applied treatments yielded higher dry weights than the untreated contaminated soil, these weight increases were significantly less than the control (P ˂ 0.05) (Figure 3 ). 
S. officinarum
Time (Day)
Treatment effect on leaf area growth of P. australis, E. crassipes and S. officinarum in crude oil contaminated soil For P. australis, with the exception of uncontaminated soil (PS) where plant attained its maximum leaf area at day-30, all other plants in contaminated untreated and treated soils attained their maximum leaf area at day-60, after which the leaf area began to decrease with age. In contrast to this, E. crassipies, did not show any consistent pattern of growth in terms of leaf area with time. However, S. officinarum witnessed progressive increases in the leaf area in both contaminated untreated and treated soils as well control. Leaf area growth analysis at day 120 revealed all applied treatments enhanced leaf area growth over untreated contaminated soil as well as control in P. australis. However, for E. crassipes no significant difference occurred in all propagated plants. On the other hand in S. officinarum, while all the treatments applied produced higher leaf area growth over contaminated untreated soil, treatments were significantly lower than the control (P ˂ 0.05) (Figure 4 ). 
S. officinarum
Time (Day) Discussion
Baseline physicochemical data showed that the experimental soils are suitable for the growth of P.
australis, E. crassipes (in mangrove swamp) and S. officinarum (in rainforest). The comparably low TPH and TOC in the soils suggest that there has not been any meaningful crude oil impact.
The following hydrocarbon utilizing bacteria (Actinobacillus sp., Bacillus sp., Corynebacterium sp., Klebsiella sp., Micrococcus luteus, Nocardia sp., Pseudomonas aeruginosa, and Streptomyces sp.) and fungi ( Aspergillus flavus, A. fumigatus, A. niger, Mucor sp., Paecilomyces lilacinus, Penicillium funiculosum, P.oxalicum , P. chrysogenum, P. marneffei, Verticillium sp., Trichoderma aureoviride and T. viride) that were isolated from the rhizospheres of E. crassipes P. australis and S. officinarum and subsequently scaledup for rhizospheres re-inoculation in this study, have also been identified and reported by other workers in previous studies as hydrocarbon degrading microorganisms in mangrove swamp and rainforest soils (Narajo et al., 2007; Obire and Anyanwu 2009; Chikere et al., 2009; Chuma, 2010; and Behera et al. , 2012) .
In order to ascertain plant species suitability for rhizoremediation, germination test in the designated contaminant(s) is necessary (Gaskin, 2008) . The result of this study indicates that the presence of crude oil in soil prolonged sprouting time in P. australis and S. officinarum. The presence of oil in soil has been reported to retard germination by hindering roots access to water and oxygen (Ogbo et al., 2009) . The application of the various treatments failed to cushion this deceleration effect. Although, Jat et al. (2014) reported that soil solarization generally improves plant germination, the findings in this study did not show that. This disagreement may be attributed to the presence of the oil which may have reacted with some physicochemical components of the solarized soil to slow down germination. Germination rates of P. australis and S. officinarum in the crude oil contaminated soils were also reduced. The applied treatments did not improve germination rate save for PSOFM in S. officinarum were 100 % sprouting was recorded. While Soomroa et al. (2014) and Wains et al. (2012) , reported the inability of inorganic fertilization (NPK) to enhance germination rate of S. officinarum, Asaolu et al. (2012) , reported same for Moringa oleifera. On the contrary, Ramteke et al. (2013) , reported that while NPK fertilization enhanced percentage germination in Pisum sativum it failed to do so for Vigna radiata and V. Catjangin. These apparent conflicting results of fertilization may possibly be related to species variation.
The presence of oil in soil depressed height growth in P. ausralis and S. officinarum. Decrease in plant height in the presence of oil over a range of concentrations in soil has been reported (Anoliefo and Vwioko, 1995; Sharifi et al., 2007; Omosun et al., 2008 and Ogbo et al., 2009) . Reduction in height growth is attributed to increased stress imposed on the plants by a number of interacting factors: The toxic effect of the oil itself, microbe-plant competition for oxygen and nutrients during oil degradation, and microbial formation of phytotoxic hydrogen sulfide due to oxygen limitation. Furthermore, the capacity of soil to retain air and moisture decreases with the presence of oil due to its effect on the physical structure (Dejong 1980). However, with the application of the following treatments: PSOF, PSOFM and PSOFMS, the depressive effect of oil on height growth of these plants was cushioned to a greater extent hence producing higher heights growth than the contaminated untreated soil, although this recorded growth enhancement were significantly lesser than the uncontaminated control. Soil inoculation with plant growth promoting rhizobacteria (Jeon et al., 2003; Egamberdieva, 2010) ; co-inoculation of plant growth promoting rhizobacteria (PGPR) and phosphorus solubilizing bacteria (PSB) with NPK fertilization (Abbas et al., 2013) or NPK fertilization alone (Rahman and Akter, 2012; Soomroa et al. ,2014) , have been reported to enhance plant height growth. Bacteria species associated with plants rhizosphere are beneficial to plant growth (Bashan and de-Bashan, 2005) . The importance of rhizosphere microbes particularly bacteria and mycorrhizal fungi in soil that are polluted can be great, sequel to the facts that they can help amplify the degree of plant tolerance to abiotic stress, encourage plant growth and consequently accelerating remediation of impacted soils (Hrynkiewicz and Baum, 2012) . In the case of E. crassipes, contaminated treated and untreated soils yielded higher height growth than uncontaminated soil with treated soils performing better overall. Ochekwu and Madagwa (2013) , also reported similar findings with E. crassipes in crude oil contaminated water. These findings suggest that, either the plant is capable of utilizing some levels of oil directly for its growth, or some inherent components of the oil act as growth stimulant to the plant. Some components of petroleum act as growth stimulating hormones (Fattah and Wort, 1970) , at low levels this may produce growth stimulating effects on plants leading to increased crop yield (Pal and Overcash, 1978) .
The obvious absence of differential root growth between uncontaminated, contaminated untreated and treated soils in E. crassipes indicates that oil, NPK fertilization and microbial inoculants had no measurable influence on plant root growth at the tested concentration. In case of S. officinarum, only treatments PSOF and PSOFM enhanced root length growth over contaminated untreated soil, these enhancements were far less than the control. On the other hand, in P. australis all the applied treatments enhanced root length growth over contaminated untreated soil. Combined addition of biofertilizer (PGPR & PSB) with chemical fertilizers (NPK) has been reported to synergistically caused increase in plant roots length (Abbas et al., 2013) . In this study, the root growth responses of P. australis, E. crassipes and S. officinarum were at variance to the applied treatments. These apparent differential responses may be ascribed to plant species variation. Ramteke et al. (2013) , studied effect of NPK fertilizer on root growth of three plants and reported that while fertilization stimulated the root growth of Vigna catjang it failed to do so with Pisum sativum and Vigna radiant. Similarly, Egamberdieva (2010) , reported that while the inoculation of two species of Pseudomonas (Pseudomonas spp. NUU1 and P. fluorescens NUU2) stimulated the root growth of one of two cultivars of wheat (Turon) by 46.0 %, it failed to do so with the other wheat cultivar (Residence). Thus, the degree of beneficial influence of bacteria on the growth of plant depends on either the variety or species of the accommodating plant Chanway et al. (1988) .
Plant biomass (dry weight) was significantly enhanced by all the applied treatments over the contaminated untreated soils for all the three plants investigated. Furthermore, these weight increases were so profound in P. austalis with treatment PSOFM and in E. crassipes for all applied treatments, resulting in higher plants biomass in the treated contaminated soils than the uncontaminated control. Although, there is paucity of information regarding plant biomass enhancement under crude oil contamination, previous reports in uncontaminated soils lend credence to the findings here reported that soil solarization, inoculation of plant growth promoting rhizobacteria and fungi as well as NPK fertilization enhances plant biomass (Stapleton and De Vay, 1981; Jeon et al., 2003; Egamberdieva, 2010; Asaolu et al., 2012; Strasil, 2012; Rahman and Akter, 2012; Abbas et al., 2013) .
Similar to root responses, there were variations in the response of leaf area growth to the applied treatments among the three plants species. While E. crassipes showed no dissimilarity in leaf area growth to all the conditions investigated, S. officinarum showed improved leaf area growth for the applied treatments over contaminated untreated soil but not the uncontaminated control. Crude oil in soil has been reported to decrease leaf area growth (Ogbo et al., 2009; Omosun et al., 2008; Vwioko and Fashemi, 2005) . The improved growth therefore suggests once again that the application of NPK fertilizer, inoculation of appropriate rhizosphere microorganisms and soil solarization may not only help to contain the negative effect of crude oil contamination but also stimulate leaf area growth in P. australis. Nitrogen fertilization has been reported to stimulate leaf area growth in reed canarygrass (Phalaris arundinacea) (Gomme, 1978) .
Conclusions
With the exception of germination time and rate, the suppressive effects of crude oil on height, root length, biomass (dry weight), and leaf area in P. ausralis, E. crassipes (mangrove swamp) and S. officinarum (rainforest) were cushioned and enhanced by the application of fertilizer, microorganisms (rhizopherecompetent) and soil solarization treatments, thus increasing their rhizomediation potentials. In general, treatment PSOFM showed higher growth enhancement efficiency than treatments PSOF and PSOFMS.
For the optimization of plant growth for effective rhizoremediation, it is therefore recommended that simple agronomical techniques such as the combined addition of fertilizer and hydrocarbon degrading microorganisms be applied to crude oil contaminated soil.
